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AN  ANALYSIS  0?  HIGH-POWER  RADAR  TR-LIMITER  WITH  VERY 
SHORT  RECOVERY  TIME 

Hsu  Jun-min  and  Tong  Cin-Shian 

Preface 

There  have  been  three  basic  techniques  employed  in  the 
design  of  protectors  for  radar  receivers  in  the  past  ;  these 
are  plasma,  ferrites,  and  semiconducting  diodes.  Some  people  [ 
have  already  made  more  comprehensive,  detailed  discourses 
about  the  protection  capabilities  and  other  characteristics 
afforded  the  radars  by  the  TR  limiters  designed  according  to 
these  techniques.  However,  let  us  consider  the  pulse  doppler 
radars.  Since  such  a  radar  has  higher  pulse  repetition  fre¬ 
quency  (PRP),  then  the  protection  for  its  receiver  will  not 
only  require  lower  insertion  loss  and  the  capability  to  handle 
high  power  but  also  its  recovery  time  xg  must  be  extremely 
short.  Normally,  it  is  required  that 
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where  x  is  the  transmitting  pulse  width.  Therefore,  if  we 
utilize  any  single  one  of  the  above  techniques  the  TR  limiter 
cannot  satisfy  the  requirements  of  a  pulse  doppler  radar. 
However,  combining  the  above  techniques  and  improving  the  com¬ 
bination,  as  for  example  in  a  ferrite-diode  limiter,  or  a  gas  plasma- 
diode  limiter,  and  the  currently  available  electronic  multi¬ 
plier  limiter,  have  contributed  some  paths  to  solution  cf 
the  problems  in  the  pulse  doppler  radars.  We  give  some  intro¬ 
duction  to  these  three  TR  limiters  in  the  following  sections. 
We  shall  specifically  make  further  theoretical  analysis,  in 
this  paper,  of  electronic  multiplier  limiters. 

1.  Ferrite-diode  limiter 

This  is  a  combination  of  a  ferrite  limiter  and  a  diode 
limiter.  We  know  that  although  a  pure  ferrite  limiter  has 
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large  capacity  for  power,  its  spike  and  flat  leakages  are 
large,  so  it  cannot  protect  an  agile  receiver.  A  pure  diode 
semiconducting  diode  limiter  has  small  power  capacity  and  is 
not  adequate  for  high  power  applications.  However,  either 
one  of  these,  be  it  ferrite  limiter  or  diode  limiter,  has 
extremely  short  recovery  time,  about  tens  of  nanoseconds. 
Therefore,  when  we  combine  their  capabilities  we  have  a 
limiter  that  would  possess  two  important  characteristics: 
tolerance  for  high  power  and  extremely  short  recovery  time. 

Then  it  is  possible  to  apply  such  a  limiter  to  pulse  doppler 
radars.  Within  this  combination  the  ferrite  limiter  reduces 
the  large  radio  frequency  (RF)  input  power  to  the  voltage  level 
that  can  be  tolerated  by  the  semiconducting  diode.  Then  the 
semiconducting  diode  serves  to  inhibit  the  flat  and  peak  leak¬ 
ages  coming  from  the  ferrite  limiter,  thereby  achieving  the 
voltage  that  can  be  tolerated  by  the  receiver. 

*  In  the  following  we  make  some  simple  descriptions  of  the 
structure  and  capabilities  of  two  ferrite-diode  limiters  that 
have  been  reported  abroad  [2,  3]. 

1.  Ferrite  limiter 

The  working  principle  of  a  ferrite  limiter  is  based  on 
the  nonlinear  effect  of  high  power  on  ferrite.  In  order  to 
achieve  a  usable  bandwidth  greater  than  1%  we  must  apply  the 
subsidiary-resonance  limit  of  the  nonlinear  effect  (the  one¬ 
time  effect).  [4] 

In  the  ferromagnetic  resonance  with  the  high  frequency 
region  that  continuously  Increases  to  a  certain  value,  there 
appears  a  phenomenon  of  a  premature  saturation  of  the  primary 
peak,  and  a  subsidiary  absorption  peak.  The  aforementioned 
value  of  the  high  frequency  region  is  called  the  near  threshold 
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region,  h  ,  as  shown  in  Figure  1.1. 


Figure  1.1.  Primary  peak  saturation  and  subsidiary  absorption 
peak  phenomenon. 

1.  Relative  power  absorption,  2.  externally  added  (induced) 
magnetic  field. 

Theoretical  analysis  has  indicated  that  the  appearance 
of  an  absorption  peak  is  the  result  of  a  coupline  effect  of 
spin-wave  and  an  accompanying  amplitude.  Also,  when  the 
frequency  has  the  value  of  one-half  u>,  the  frequency  of 
the  externally  induced  high  frequency  region,  it  is  easiest 
to  excite  the  spin-waves.  Since  =  1/2  oo  <  <*>,  the  pri¬ 
mary  resonance  absorption  frequency  and  the  additional  absorp¬ 
tion  peaks  will  appear  in  places  lower  than  the  primary  peaks. 

In  order  to  lower  the  threshold  power  of  the  ferrite 
limiter  we  find  the  applications  of  lamination  structure 

and  horizontal  biasing  (magnetic)  field  techniques  to  be 
superior . 

(1)  Lamination  structure 

We  may  use  the  same  method  which  is  used  to  reduce  the 
near  threshold  region  to  lower  the  threshold  power  of  a 
ferrite  limiter.  Under  the  situation  of  the  subsidiary 
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resonance  limiting,  the  limiting  threshold  region  is  not  only 
related  to  the  material  characteristics,  but  also  to  the  geo¬ 
metric  configuration  of  the  samples  (targets).  The  latter  is 
related  to  the  appearance  of  the  shape  of  the  demagnetization 
factor  in  the  limiting  threshold  region.  The  computations  and 
analyses  of  the  references  have  indicated  that  when  a  magnetic 
biasing  field  is  placed  in  the  direction  with  the  smallest 
demagnetic  agent,  the  smallest  near  threshold  region  will  be 
obtained.  Therefore,  in  the  usual  structure  one  needs  a  very 
long  ferrite  rod  and  applies  the  magnetic  biasing  field  along 
the  longitudinal  axis.  However,  this  structure  brings  in  two 
serious  disadvantages.  One  of  them  is  that  the  magnetic  bias¬ 
ing  field  can  be  obtained  only  by  the  use  of  a  solenoid  or  a 
large,  heavy  permanent  magnet.  The  other  is  that  only  a  small 
amount  of  microwave  interaction  can  be  obtained  because  of 
the  low  waveguide  filling  factors. 

An  alternative  to  using  the  method  mentioned  above 
is  to  place  the  long  axis  of  the  ferrite  rod  along  the  narrow 
dimension  of  the  waveguide  and  apply  the  magnetic  biasing 
field  along  this  axis.  Even  though  this  guarantees  that  the 
magnetic  biasing  field  is  applied  in  that  direction  possessing 
the  smallest  demagnetization  factor,  since  the  cross- 
section  of  the  ferrite  rod  must  be  small  in  comparison  to  its 
length,  it  can  only  utilize  ferrite  material  with  very  small 
(body)  volume,  which  results  in  an  inadequate  dynamic  range  of 
the  limiter.  However,  this  can  be  overcome  by  the  following 
method.  Place  a  large  number  of  rectangular 
ferrite  ■  rods  along  the  longitudinal  axis  of  the  wave¬ 
guide,  and  separate  them  by  dielectric  rods  of  the  same 
dimensions  and  dielectric  constant  (as  the  ferrite  rods). 

This  device  is  called  a  laminar  structure.  The  dielectric 
rods  provide  magnetic  insulation  between  the  ferrite  rods,  so 
that  the  bias  of  each  ferrite  rod  is  independent,  tnereby 
maintaining  its  own  demagnetization  factor.  Simultaneously 


the  dielectric  rods  have  an  effect  of  resistance.  The  X-band 
laminar  structure  is  shown  in  Figure  1.2.  The  laminar  struc¬ 
ture  employs  six  polycrystalline  YIG  rods.  This  kind  of 
structure  has  characteristics  of  low  insertion  loss  and  high 
power  limiting,  as  illustrated  in  Figures  1.3  and  1.4. 
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Figure  1.3.  Low-level  insertion  loss  versus  frequency  (for 
six  polycrystalline  YIG  rods)in  the  laminar  structure. 

1.  Insertion  loss  (dB),  2.  =  (1050  to  1200  gauss),  3  • 

A  H  =  44  Ce;  4-  AHK=0.3  Oe ,  5.  Frequency  (GHz). 
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Figure  1.4.  High-power  characteristics  for  the  laminar 
structure . 

1.  peak  leakage  power  output  (watts ),  2.  Hdc  =  1000  gauss; 

3.  frequency  -  9  GHz,  4.  spike  leakage;  5.  flat  leakage; 

6.  peak  power  input  (watts). 


We  can  see  that  within  8%  of  the  frequency  range  the 
maximum  insertion  loss  of  this  kind  of  structure  is  0.6  dB. 

It  is  superior  when  compared  with  other  subsidiary  resonance 
limiters;  its  limiting  threshold  power  Is  28  watts,  and  the 
dynamic  range  for  the  flat  attenuation  is  23  dB.  This  is 
Indeed  the  direction  of  the  minimum  demagnetization  factor 
In  which  we  place  the  biasing  magnetic  field  (within  this 
structure);  thus  we  obtained  a  limiting  threshold  power  lower 
than  the  usual  subsidiary  resonance  limiters.  Also, 
selecting  the  laminar  structure  guarantees  a 
sufficient  volume  of  the  ferrite  material,  thereby  obtaining 
such  good  limiter  dynamic  range. 


Further  experiments  indicate  that  if  we  adopt  an  inclined 
biasing  magnetic  field  at  an  angle  of  30  degrees  from  the 
vertical  direction,  then  the  laminar  structure  can  increase 
its  flat  and  spike  limiting  power.  It  is  still  a  difficult 
task  to  make  a  detailed  analysis  under  this  condition. 
Qualitatively  speaking,  the  reduction  of  the  limiting  thresh¬ 
old  power  and  the  increasing  of  spike  inhibition  suggests  the 
high  degree  of  concentration  in  the  ferrite  magnetic  field  and 
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the  appearance  of  an  extra  quantity  of  the  transmitting  fre- 
qeuncy  magnetic  field.  This  extra  quantity  is  produced  by  the 
interaction  of  the  horizontal  component  of  the  biasing  mag¬ 
netic  field  and  the  longitudinal  component  of  the  trans¬ 
mitting  frequency  range. 

The  subsidiary  resonance  limiter  of  laminar  structure, 
if  it  is  like  any  ferrite  limiter,  has  larger  spike  leakage. 

The  spike  leakage  pulse  has  a  3  dB  width  of  about  30  ns.  The 
peak  spike  power  is  about  3  kW  for  an  input  power  of  10  kW. 
Therefore,  in  order  to  have  a  usable  (TR)  limiter,  we  must 
connect  a  diode  limiter  behind  it  to  inhibit  this  large  spike 
leakage.  However,  since  a  laminar  structure  has  a  lower 
limiting  threshold  power,  this  may  utilize  diode  limiters  of 
lower  power,  or  it  may  raise  the  fixed  power  of  a  ferrite- 
diode  limiter  combination. 

(2)  Horizontally  biased  ferrite  limiter 

Its  fundamental  structure  is  as  illustrated  in  Figure 
1.5.  The  ferrite  elements  completely  fill  the  rectangular  wave¬ 
guides  of  the  compressed  cross-section.  The  four  long  sides 
of  the  ferrites  are  metallized  and  are  welded  to  the  walls  of 

the  waveguides.  As  for  the  X-band  limiters,  the  ferrite 

2 

and  waveguide  cross-sections  are  0.19  x  0.375  in  or  0.19  x 
2 

0.500  In  .  The  ferrite  material  used  is  polycrystalline  YIO, 
and  its  characteristics  are:  saturation  magnetization  inten¬ 
sity  of  the  material  (4ttM  )  is  1780  gauss,  uniform  precessional 

s 

linewidth  (AH)  is  45  Qe,  the  dielectric  constant  (e)  is  15,  the 
tangential  medium  loss  Is  less  than  0.002,  and  the  spin-wave 
linewidth  (AH,  )  is  1.4  0e . 


Translator's  note:  I  regret  to  say  that  this  is  the  end 
of  p.  8l  of  the  original  (foreign)  manuscript,  and  pp .  82-83 
have  not  been  supplied.  The  best  thing  that  I  can  do  is 
to  pick  up  from  the  beginning  of  p.  84,  which  happens  to 
be  the  beginning  of  a  new  paragraph,  and  that  Table  2  of 
p.  84  is  about  X-band  ferrite-diode  limiter  characteristics; 
seems  to  be  a  good  place  to  continue. 

The  following  starts  with  the  beginning  of  p .  84. 
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The  second  kind  of  structure  is  a  combination  of  the 
aforementioned  high-power-class  ferrite  limiter  (ferrite  rod 
length  of  2  inches) ,  inc lined  magnetic  biasing  field  laminar 
medium  power  ferrite  limiter  and  medium  power  diode  limiter. 
This  combination  has  a  total  insertion  loss  of  1.5  dB.  When 
the  input  power  reaches  100  kW  the  maximum  flat  leakage  and 
the  spike  leakage  are  respectively  14  and  70  milliwatt  (at 
0 . 01  erg) . 

Table  2  lists  the  important  characteristics  of  one 
ferrite-diode  limiter. 

Table  2.  Characteristics  of  an  X-band  ferrite  diode  limiter 
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Key: 

2.  Design  #1 

3.  Design  #2 

3'.  First  stage  ferrite  limiter 

4.  Ferrite  completely  filled  the  rectangular  waveguide  of 

the  reduced  cross-section,  with  horizontal  biasing  magnetic 
field  (ferrite  length  is  3"). 

5.  Ferrite  completely  filled  the  rectangular  waveguide  of  the 
reduced  cross  section,  with  horizontal  biasing  magnetic 
field  (ferrite  length  is  2"). 

6.  Second  stage  ferrite  limiter. 

7.  Laminar  ferrite  dielectric  structure  with  magnetic  biasing 
field  at  approximately  30°  with  respect  to  the  vertical 
direction . 

8.  Diode  limiter. 

9.  Two-stage  unit  utilizing  thick  PIN  diode  (high-power 
design,  see  Table  1). 

10.  Two-stage  unit  utilizing  thin  PIN  diode  (medium  power 
design,  see  Table  1). 

11.  Capability  and  characteristics. 

12.  Peak  power  (KW). 

13.  Average  power  (W) . 

14.  Pulse  width  (us). 

15.  Insertion  loss  (dB). 

16 .  Bandwidth  (%) . 

17.  Maximum  flat  leakage  (mW). 

18.  Spike  amplitude  leakage  (mW). 

19.  Spike  energy  leakage  (ergs). 

20.  Recovery  time  (ns) 

We  can  see  from  the  table  that  a  ferrite-diode  limiter 
can  satisfy  the  high  power  requirements  of  pulse  doppler 
radars,  i.e.  tolerance  for  high  power  and  very  short  recovery 
time.  However,  its  insertion  loss  is  large,  and  also  it 
Is  both  bulky  and  heavy.  This  is  primarily  caused  by  require¬ 
ments  of  using  long  ferrite  rods  to  achieve  sufficiently 
large  dynamic  range.  Reference  [5]  suggests  a  new  structure 
of  multilayer  ferrite  limiter.  This  is  formed  by  inter¬ 
leaving  four  Al-300  dielectric  slabs  with  four  slabs  of  YIG 
ferrite,  placed  on  the  narrow  wall  of  a  reduced-height  and 
reduced-width  rectangular  wave  guide.  The  thicknesses  of  the  ferrite 
and  dielectric  slabs  are  selected  experimentally  to  achieve 
the  maximum  dynamic  range.  However,  the  ferrite  slabs  are 
only  1.5  in.  long.  In  the  5.4  -  5.9  GHz  frequency  band  region. 
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this  multilayer  limiter  has  a  (below  the  threshold)  insertion 
loss  of  less  than  0.5  dB,  the  threshold  power  is  about  20W 
and  the  dynamic  range  is  greater  than  200  kW.  However,  for  a 
single  layer  ferrite  limiter  to  achieve  the  same  dynamic  range 
its  slab  length  needs  to  be  7  in.  long.  Therefore,  there  is 
still  potency  in  the  reduction  of  the  volume  of  ferrite-diode 
limiter . 

§  2  Plasma  diode  limiter 

Everyone  knows  that  the  early  TR  tubes  (devices)  had  a 
serious  number  of  deficiencies,  e.g.  large  noise,  short 
operating  life  span,  low  reliability,  and  long  recovery  time. 
Tnere  are  two  principal  reasons  for  these,  one  of  them  being 
the  need  for  an  ignition  voltage  (arc  protection)  ,  cr  receiver 

protector  (keep  alive),  the  device  thereby  being  a  noise  cer.erator. 
other  is  caused  by  the  glass  discharge  window  and  discharge 
electrode  absorption  gases  which  make  the  gas  pressure  (den¬ 
sity)  inside  the  tube  (device)  to  be  lowered ,  and  also  the 
electrode  can  be  easily  damaged  while  discharging. 

In  order  to  overcome  the  above  deficiencies, people  had, 
during  the  1960’s,  used  a  radioactive  source  (tritium)  to 
replace  the  active  arc  (receiver)  protector  (keep  alive) 
within  the  TR  tube(s).  However,  since  the  radioactive 
ignitor-supplied  free  electron  density  is  much  lower  than 
that  supplied  by  the  dc-arc  protector,  this  leads  to  an 
increase  in  ignition  threshold  and  spike  leakage.  Therefore, 
we  must  attach  a  single  stage  or  dual  stage  diode  limiter. 

From  this,  we  have  the  widely  used  passive  TR  limiter.  However, 
although  its  recovery  time  is  shorter  than  the  active  TR  tubes, 
it  still  cannot  satisfy  the  requirements  of  the  high  repetition 
frequency  of  pulse  doppler  radars. 


In  order  to  further  shorten  the  recovery  time  of  TR 
tubes  we  must  quickly  eliminate  the  free  electrons  in  the 
discharger  after  the  end  of  the  transmitting  pulse.  We 
may  hereby  utilize  the  neutralization  of  the  negative  ion 
iteration .  hope  to  utilize  the  comparatively 

conductive  electronegative  gases.  Within  these  gases,  due 
to  the  fact  that  electrons  are  attracted  to  neutral  molecules 
or  neutral  atoms  forming  the  negative  ions,  halogen 

gas  has  the  required  property.  However,  in  order  to  lower 
the  electric  arc  leakage  cower  (an  imDortant  part  of 
flat  leakage),  the  gas  must  have  the 

smallest  discharge  maintenance  voltage  of  ultra-high  frequency, 
and  it  also  requires  single  atom  gas  of  very  small  con¬ 

ductivity,  e.g.,  inert  gas  .  Therefore,  in  order  to  shorten 

Ck* 

the  recovery  time  we  need  to  use^large  volume  of  concur  ir.*-: 
inert  gas  .  and  0-  -  small  volume  of  conciu  in  ~ 

gas  to  reduce  arc  leakage. 

Past  solution  to  this  contradiction  was  done  with  a 
compromise.  This  can  be  done  by  filling  the  TR  tubes  with 
inert  gases  containing  electronegative  impurities.  The 
recovery  time  is  more  than  1  ms.  Then  it  is  still  difficult 
to  satisfy  the  requirements  of  the  pulse  doppler  radars. 

Reference  [6]  reported  a  kind  of  separation  stage  design 
that  is  better  in  solving  the  aforementioned  contradiction, 
thereby  obtaining  a  very  short  recovery  time.  It  is  illustra¬ 
ted  in  Figure  2.1.  That  is,  it  is  composed  of  three  separa¬ 
tion  stages:  high  power  stage,  medium  power  stage,  and  diode 
limiter.  The  discharger  is  filled  with  a  halogen  to  obtain 
short  recovery  time. 
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Figure  2.1. 

Key:  1.  High  power  stage  arc  (receiver  protector),  2.  N_ 

backfill,  3-  wave  guide,  4.  medium  power  stage,  5.  radio¬ 
active  ignition  stage,  6.  wideband  window  (two),  7.  diode 
limiter,  8.  input  interface,  9-  rexolite  pressure  window, 

10.  N2  leakage  hole  (valve),  11.  gas-quartz  discharge  system, 

12.  there  is  no  discharge  on  these  windows,  13.  thin  PIN 
diode,  14.  output  interface,  15.  Figure  2.1. 


The  high  power  stage  discharging  system  is  composed  of 
halogen  gas-filled  quartz  bubbles.  In  order  to  increase  the 
power  capacity  we  may  place  a  number  of  quartz  bubbles  in 
the  plane.  This  will  increase  the  internal  pressure  on  the 
waveguides  surrounding  the  quartz  bubbles  thereby  improving 
the  reliability.  This  is  the  reason  for  using  rexolite  win¬ 
dows  at  the  input  portion  and  the  output  portion  (of  the  high 
power  stage),  that  is,  the  Input  portion  of  the  medium  power 
stage  uses  wideband  windows,  thus  forming  a  hermetically 
sealed  external  shell  to  increase  pressure  on  the  N2  back¬ 
fill.  The  rexolite  used  on  the  input  window  was  chosen 
because  of  its  resistance  to  high  temperature,  but  if  glass 
were  used  here  it  would  explode,  or  soften,  rendering  it  USe- 

CX 

less.  Also,  after  passing  such^tight  seal  it  can  still 
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avoid  steam,  dust  and  other  contaminants,  to  maintain  a  high 
Q  opening.  The  external  pressurized  ^-filled  rexolite  shell 
and  its  surrounding  metal  circular  ring  can  thereby  prevent 
sparking,  corrosion,  and  rusting. 

The  utility  of  the  medium  power  stage  is  to  reduce  the  power 
which  leaks  through  the  high  power  stage  to  the  range  that 
can  be  tolerated  by  the  diode  limiter.  It  is  a  common  TR 
discharger  with  radioactive  ignitor.  The  differences 
are  that  their  input  and  output  windows  are  wideband,  thus 
the  window  will  not  discharge.  This  solves  the  problem  of 
the  discharge  window  absorbing  gas  molecules  thereby 
lowering  the  gas  pressure  of  the  discharger,  which  will 
shorten  the  operating  life.  So,  this  kind  of  structure  will 
clearly  lengthen  the  operating  life  of  the  system. 

The  lower  power  stage  is  indeed  a  semiconducting  diode 
limiter;  its  utility  Is  to  reduce  the  power  leaking  through 
the  medium  power  stage  to  a  level  tolerable  by  the  capacity 
of  the  receiver. 

The  X-band  plasma-diode  limiter  leakage  amplitude  and 
recovery  time  as  functions  of  input  power  are  plotted  In 
Figures  2.2,  2.3  and  2.4.  When 'f’he  spike  and  flat  leakage 
amplitudes  are  within  1 0%  of  the  frequency  band^  the 

direct  input  power  of  10  kW  are  respectively  less  than  50 
and  20  mW.  At  3  dB  the  recovery  time  in  the  range  of  100  W 
to  50  kW  Is  less  than  140  ns.  We  can  see  from  the  figure  that 
when  input  power  is  greater  than  the  quartz  bubble  threshold 
power,  i.e.  in  the  range  of  0.1  to  10  kW,  the  leakage  is 
small  and  the  recovery  time  is  always  short  and  their 

values  are  stable.  Obviously  this  Is  due  to  the  fact  that 
there  are  no  window  discharges.  In  the  pulse  doppler  radar 
where  the  inter-pulse  stability  is  very  important,  the  plasma- 


Figure  2.2.  The  addition  of  diode  limiters  has  caused  the 
spike  amplitude  to  rapidly  decrease,  and  the  spike  width  to 
increase.  However,  the  spike  capacity  can  be  kept  under 
0.005  erg,  under  all  voltage  power. 

Key:  1.  Pg  spike  amplitude  (watts)*,  2.  Tg  spike  widths  (ns), 

3.  pulse  width  0.85  us,  PRF :  0.5  KHz,  f:  X-band ,  T:  26°C 
(could  have  been  -26°C,but  the  reproduction  is  very  poor)*- 
M.  spike  amplitude,  3  plasma  limiters,  5.  spike  width  X10, 

3  plasma  plus  2  diode  limiters,  6.  spike  width  X10,  3  plasma 
limiters,  7.  spike  amplitude,  3  plasmas  plus  2  diode  limiters, 
3.  PIN  input  power  (spike  in  watts). 


Figure  2.3-  The  introduction  of  diode  limiters  has  flattened 
the  flat  leakage  characteristics  in  the  30  dB  range  of  the 
incident  radiation  power. 

Key:  1.  P,  flat  leakage  (watt)*,  2.  3  plasma  limiters,  3- 
pulse  width  -  0.85  us,  PRF:  6.5  KHz,  f:  X-band,  T:  26°C,*  M . 

3  plasma  plus  2  diode  limiters,  5.  quartz  ignib’an,  6.  PIN 
input  power  (watts). 
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Figure  2.4.  Recovery  time,  at  3  dB,  is  250  ns  for  up  to 
lOkW. 

Key:  1.  Tr  recovery  time  (ns)?  2.  3  plasma  plus  2  diode 
limiters;  3-  pulse  width  =  0.85  ps,  PRF :  6.5  KHz,  f:  X-band, 

T:  26°C;  4.  PIN  input  power  (watts). 

diode  limiter  possessing  stable  recovery  time,  in  the  range 
of  very  large  input  power,  has  a  very  important  implication. 
Under  an  average  power  of  200W  the  experiments  on  operating 
life  spans  have  indicated  that  during  5,600  hours  of  operation 
the  device  leakage,  recovery  time,  and  insertion  loss  character 
istics  have  not  significantly  degraded.  This  implies  that 
plasma-diode  limiter  may  possess  operating  life  in  excess  of 
10,000  hours  of  transmission. 


The  various  (electrical)  parameters  of  the  C-band,  S-bar.d , 
and  L-ba.nd  plasma-diode  limiters  are  given  in  Table  3.  It 
can  be  seen  in  the  table  that  this  kind  of  limiter  possesses 
not  only  the  capability  to  handle  high  power  and  have  low 
insertion  loss,  but  also  has  rather  short  recovery  time. 

They  can  be  applied  in  the  pulse  doppler  radars.  Besides,  they 
do  not  need  an  extra  energy  (power)  source,  therefore  they  serve 
to  protect  the  receiver  during  the  radar  switching  periods; 
that  is,  they  may  still  protect  (the  receiver)  during  the 
asynchronous  pulse  period  of  the  nuclear  blast  phenomenon. 

This  has  very  inraortant  implications  in  modern  warfare. 


Table  3.  Plasma-diode  limiter's  greatest 
(most  important)  electric  characteristics 
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1.  Parameter;  2.  S-band;  3,  C-band;  4.  X-band;  5.  X-band*, 

6.  L-band;  7.  incident  radiation  power  (kW);  8.  insertion 
loss  (dB),  9.  insertion  phase  in  bias  (degree),  10.  band¬ 
width  (%)j  11.  temoerature  (°C);  12.  filler  factor*,  13. 
snike  leakage  capacity  (erg);  14.  spike  amplitude  (MW),*  15. 
flat  leakage  (MW);  16 .  3  dB' recovery  time  (us);  17.  transmitter 
operating  life  (hours);  18 ,  object  of  protection;  19.  radio¬ 
active  plus  frequency  mixer,*  20.  field  effect  transistor* 

21,  radioactive  plus  frequency  mixer;  22.  radioactive  plus 
frequency  mixer;  23-  bipolar  transistor  amplifier. 
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§  3  Electronic  Multiplier  limiter  (or  multipactor  limiter) 

The  electronic  multiplier  limiter  is  a  new  device,  and  it 
was  first  utilized  in  the  doppler  radar  of  the  American  AWACS 
system.  It  has  been  discussed  very  briefly  in  reference  [7]. 
It  may  still  be  classified.  We  make  an  introduction  and  analy 
sis  of  the  principles  of  applications  and  characteristics  of 
this  device  in  the  following. 

1.  The  physical  process  of  the  multiple  multipactor 

In  most  of  the  low  pressure  environment,  under  the  medium 
to  high  voltage  RF  capacity,  electrons  are  used  in  the  RF 
field  to  bomoard  the  surfaces  of  a  solid  to  cause  secondary 
electronic  emission.  Pulse  secondary  electrons  will  absorb 
energy  of  the  RF  field,  and  they  will  bombard  some  other  sur¬ 
faces,  producing  more  secondary  electrons.  This  is  the  multi- 
pacting  (multiple  impacting)  process.  Since  the  electrons 
continuously  absorb  energy  of  the  RF  field  in  this  process, 
they  produce  the  limiting  effect.  This  is  called  the  multiple 
multiplier  limiting  effect  (or  multipacting) .  Clearly,  in 
most  electronic  devices  one  usually  avoids  this  kind  of  effect 
Therefore,  there  were  people  who  studied  this  effect  much 
earlier  and  had  predicted  that  it  might  gain  applications  in 
some  RF  devices.  [8] 

The  electronic  multipactor  limiter  is  constructed  from 
the  aforementioned  effect.  The  electronic  multipactor 
limiter  working  principle  is  shown  in  Figure  3.1-  There  is  a 
ridge  In  the  inside  wall  of  the  two  wide  sides  of  the  rectan¬ 
gular  waveguides,  and  a  constant  gap  is  maintained  between  the 
ridge  surfaces.  The  flat  surfaces  are  to  be  coated  with 
secondary  material  such  as  magnesium  oxide  (MgO),  thus  forming 
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Figure  3.1. 

Key:  1.  high  power  RF,  2.  limiting  gap,  3.  secondary 

emission  material  (MgO),  4.  rectangular  waveguide,  5-  flat 
leakage . 

the  limiting  gap.  There  is  an  electronic  gun  attached  to  the 
gap  for  injecting  the  electrons  while  the  limiter  is  operating. 
The  entire  limiting  gap  and  the  electronic  gun  are  tightly 
sealed  in  a  vacuum  system.  When  the  RF  power  enters  the 
limiter,  the  high  frequency  field  built  on  the  gap  will  force 
the  primary  electrons  to  traverse  the  gap  to  bombard  the  coated 
surface,  causing  emission  of  the  secondary  electrons.  If  the 
time  that  it  takes  the  electrons  to  traverse  the  gap  is  equal 
to  one  half  of  the  period  of  the  changes  in  the  high  fre¬ 
quency  field  then  the  secondary  electrons  will  be  accelerated 
by  the  high  frequency  field  to  bombard  another  coated  surface, 
thereby  producing  more  secondary  electrons.  The  electrons 
and  the  high  frequency  field  will  continuously  interact  in 
this  manner.  If  the  coefficient  of  the  secondary  emission  of 
the  coated  surface  is  greater  than  1  then  the  resultant 
secondary  electrons  will  continue  to  multiply,  and  the  gap 
will  quickly  have  very  high  density  of  electrons.  As  the 
number  of  electrons  increases  in  the  gap,  the  (electric) 
charge  field  in  the  gap  will  continuously  grow  stronger, 
until  the  space  charge  field  cancels  the  accelerating  effect  of 
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the  high  frequency  field  on  the  secondary  electrons;  this 
has  built  the  final  equilibrium  status.  At  this  time,  the 
number  of  electrons  on  the  bombarding  surface  is  equal  to  that  cf 
the  emitting  secondary  electrons,  which  were  induced  by  the 
bombardment.  The  density  of  electrons  in  the  gap  continues 
to  rise,  and  the  electron  cloud  moves  in  the  same  direction  as 
the  externally  added  RF  field.  This  electron  cloud  absorbs 
energy  from  the  RF  field,  from  which  a  limiting  effect  is 
produced.  The  energy  not  absorbed  is  transmitted  as  flat 
leakage . 


According  to  the  space  kinetic  equation  of  the  free 
electrons  being  affected  by  the  high  frequency  (electric) 
field  and  the  condition  of  the  traverse  time  of  the  electrons 
being  equal  to  one-half  of  the  high  frequency  period,  refer¬ 
ence  [7]  has  contained  the  information  about  the  required 
synchronous  voltage  Vq  for  triggering  the  electronic  multi- 
pacting  process.  Taking  into  account  the  corresponding 
input  power  threshold  valve  Pc,  we  have  the  following 
equations : 


vt=4xd*f'/n  o.-u 

P,=-iietWVsd*f*/nx 

(3.2) 


where  d 
f 
n 


w 

vg 


is  the  width  of  the  gap  (or  the  resonator  gap) 
is  the  frequency  of  the  incoming  RF  /wave 
is  the  specific  electronic  charge  (i.e.  electron 
charge  -  mass  ratio) 

is  the  dielectric  constant  of  the  vacuum  (i.e. 

permitivity  of  free  space) 

is  the  width  of  the  ridge  of  the  waveguide 

is  the  corresponding  velocity  of  the  wave  inside  the 

gap  (i.e.  phase  velocity  of  the  RF  wave) 
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The  threshold  power  is  the  least  of  the  input  power  in 
the  process  of  triggering  the  electronic  multipacting .  When 
the  input  power  is  less  than  the  threshold  power  the  traverse 
time  of  the  electrons  in  the  gap  will  exceed  one-half  of  the 
period  of  the  high  frequency  field,  and  the  synchronous  con¬ 
dition  cannot  be  satisfied.  Therefore,  the  electronic  multi¬ 
pacting  process  cannot  be  triggered.  When  the  input  power 
is  greater  than  the  threshold  power,  even  if  the  traverse  time 
of  the  electrons  in  the  gap  is  less  than  one-half  of  the 
period  of  the  high  frequency,  the  electronic  multipacting 
process  can  still  be  triggered.  We  believe  that  this  is  due 
to  the  fact  that  the  secondary  emission  material,  magnesium 
oxide,  possesses  self-sustaining  emission  characteristics, 
and  that  when  the  input  power  exceeds  the  threshold  power 
these  characteristics  help  to  trigger  the  electronic  multi¬ 
pacting.  Under  the  condition  when  input  power  is  greater 
than  threshold  power,  due  to  the  fact  that  electron  tra¬ 
verse  time  is  less  than  one-half  of  the  period  (of  the  high 

for 

frequency  field),  even/the  primary  electrons  bombarding'  the 
boundary  surface  of  the  limiting  gap^the  high  frequency  elec¬ 
tric  field  is  unable  to  react  instantly,  O&it  after  the  high 
frequency  field  has  reacted,  the  bombarded  surface  will 
emit  secondary  electrons.  Therefore,  the  movement  of  the 
electronic  cloud  in  the  gap  can  still  be  synchronously  in 
phase  with  the  high  frequency  field. 

Other  reasons  for  using  magnesium  oxide  as  secondary 
emission  material  are:  it  can  supply  high  current  density,  it 
can  tolerate  higher  temperature,  and  it  is  more  stable  even 
when  it  is  exposed  to  air  for  a  time  without  suffering  any 
ill  effect. 
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2.  An  analysis  of  the  structure  of  the  electronic 
multipacting  limiter. 

The  main  part  of  the  electronic  multipacting  limiter  is 
put  inside  the  limiting  gap  of  the  rectangular  waveguide,  and 
the  two  surfaces  of  the  gap  which  face  each  other  are  coated 
with  the  magnesium  oxide  secondary  emitting  material.  In 
order  to  dissipate  heat,  the  limiting  gap  is 

hollow  to  permit  flow  of  coolant,  as  shown  in  Figure  3-2. 

In  the  space  between  the  limiting  gap  and  the  standard  wave¬ 
guide  we  should  connect  a  damping  device.  In  order  to  main¬ 
tain  the  appropriate  vacuum  of  the  limiting  gap,  the  input 
and  output  ends  should  be  hermetically  sealed  with  resonance 
windows,  and  the  side  window  of  the  waveguide  serves  as  a  :on- 
duit  for  an  ion  pump.  Besides  serving  the  purpose  of  sealers  the 
resonance  windows  also  have  the  effect  of  filtering  the  waves. 
Therefore,  any  signals  external  to  the  band  received  by  the 
antenna  will  be  reflected  and  are  absorbed  by  the  terminal 
No.  4  of  the  ring  shaped  device  as  shown  in  Figure  3.3.  The 
initial  primary  electrons,  required  by  the  multipacting  pro¬ 
cess,  are  supplied  by  a  small  electron  gun,  which  does  not 
have  stringent  requirements.  The  electron  gun  is  situated 
near  the  narrow  side  of  the  waveguide  of  the  limiting  gap. 

In  the  multipacting  process  some  of  the  magnesium  oxide 
secondary  emission  material,  after  being  bombarded  by  elec¬ 
trons,  is  transformed  into  the  state  of  basic  magnesium  metal. 
In  order  to  oxidize  this  metal  again  the  electronic  multi¬ 
pacting  limiter  will  have  in  it  an  oxygen  generator. 
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Figure  3.2. 

Key:  1.  install  here  an  ion  pump  and  an  oxygen  generator; 
2.  fill  in  coolant*,  3.  limiting  gap;  4.  install  electron 
gun  here . 


Figure  3-3- 

6.  emitter,'  7.  antenna;  8.  load,  9.  repeating  bombardment 
limiter,  10.  solid  diode  limiter,  11.  receiver* 


Furthermore,  assuring  the  mechanical  precision  of  the 
limiting  gap  distance  is  a  monumental  technical  problem. 

The  theoretically  designed  value  of  the  limiting  gap  distance 
is  d  and,  due  to  the  manufacturing  tolerance  its  actual  value 

t 

is  d  +  Ad.  Then  the  threshold  power  is  changed  from  Pc  to  ?c  , 
and  according  to  equation  (3-2),  we  have 
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If  we  set  ?c  =  5  watts,  d  =  9  mil,  Ad  =  1 ,  then 
substituting  these  into  equation  (3-3)  we  have: 


P  1  =  6.85  watts , 


It  can  be  seen  that  minute  manufacturing  tolerances  ha- 
tremendous  effect  on  the  threshold  power. 

3.  Preliminary  analysis  of  the  characteristics  of  an 
electronic  multipacting  limiter. 

Reference  [7]  has  given  the  typical  characteristics  of 
an  X-band  electronic  multipacting  limiter;  we  list  them  in 
the  following: 


peak  power 
average  power 
insertion  loss 
recovery  time 
spike  energy 
flat  leakage 
operating  life  span 
dimensions 
weight 


250  kW 
3  kW 

0.4  -  0.5  93 
less  than  5  ns 
0.2  erg  max. 

8  watts 
10,000  hours 
6"x4"  x  2.4” 
2.5  lbs. 


It  can  be  seen  from  the  above  data  that  the  electronic 
multipacting  limiter  has  a  set  of  important  characteristics 


1 


capacity  for  high  power,  extremely  short  recovery  time, 
broad  dynamic  range,  small  insertion  loss,  small  volume, 
light  weight  and  long  operating  life.  Besides,  since  its  high 
frequency  circuit  is  basically  a  band  pass  filter,  therefore 
it  possesses  capability  to  resist  jamming.  When  an  electronic 
multipacting  limiter  is  operating,  neither  does  it  need  arc 
(receiver)  protecting  voltage  nor  does  it  need  synchronous 
pulse  stream,  therefore  it  is  directly  excited  by  the  incoming 
RF  waves.  It  is  exactly  due  to  this  valuable  characteristic 
that  it  is  successfully  applied  to  the  high  power  pulse 
doppler  radars. 

We  give  some  theoretical  verification  of  seme  main 
characteristics  of  electronic  multipacting  limitations  in  the 
following.  Since  the  electronic  process  in  the  limiting  gap 
is  very  complex,  we  can  therefore  only  make  some  analysis 
using  some  very  simple  models;  however,  the  obtained  results 
will  at  least  yield  some  definite  interpretation. 

A.  Computations  of  the  time  to  establish  electronic 
multipacting  process 

Let  A  and  B  be  the  two  electrode  plates  of  a  limiting 
gap,  and  they  are  both  coated  with  secondary  emission  material 
The  limiting  gap  distance  is  a  and  each  electrode  plate  has 
width  W.  The  coordinate  system  is  set  up  in  the  following 
manner:  ^5?  is  the  direction  along  the  distance  of  the  limiting 
gap,  Pills  the  direction  along  the  width  of  the  electrode  plate 
and  ^Zis  the  direction  of  the  longitude  of  the  limiting  gap, 
as  seen  in  Figure  3.4.  Note  that  the  high  frequency  energy 
is  transmitted  along  the  z-axis. 
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!  f. 


Figure  3.4. 

The  amplitude  of  the  incoming  high  power  frequency 
is  P1  and  the  amplitude  of  the  high  frequency  field,  set  up 
in  the  limiting  gap,  is  E.  If  E„,  is  greater  that  E  ,  the 
amplitude  of  the  triggered  synchronous  field  of  the  electroni 
multipacting  process,  and  if  primary  electrons  exist  and 

the  emission  coefficient  c  of  the  secondary  electrons  on 
the  electrode  plates  is  greater  than  1.  the  electronic  multi¬ 
pacting  process  is  produced. 

Since  the  secondary  emission  coefficient  a  of  the  elec¬ 
tronic  plates  A  and  B  is  greater  than  1,  then  the  number  of 
electrons  emitted  by  the  electrode  plate  increases  by  a  times 
as  each  half  period  is  passed;  this  is  a  cascade  process. 

On  the  bombarded  surface  of  the  electrode  plate  at  a  certain 
instant  when  the  increase  in  the  field  set  up  by  the  space 
charges  reaches  the  stage  that  it  just  cancels  cut  the  high 
frequency  field,  the  number  of  secondary  emission  electrons 
will  not  increase.  Then  the  number  of  the  electrons  which 
are  injected  by  the  space  charges  onto  the  electrode  plates 
will  be  complemented  by  an  equivalent  number  of  secondary 
electrons  emitted  by  the  electrode  plates,  the  dynamic 
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equilibrium  of  the  quantity  df  the  space  charges  of  the  gap 
is  maintained,  and  the  electronic  multipacting  process  has 
entered  a  state  of  equilibrium. 

We  call  the  period  of  the  electronic  multipacting  process, 
from  the  initiation  of  excitation  to  the  beginning  of  stabi¬ 
lity,  the  limiter  building  (set  up)  time,  and  denote  it  by^ 
Clearly,  it  is  only  necessary  to  compute  the  number  of  times 
that  the  electrons  have  multiplied  in  the  period  from  excita¬ 
tion  to  stability  to  obtain  t 

While  in  the  stable  state  the  space  charge  is  -q  in  the 
unit  length  of  the  limiting  gap.  At  x  of  the  limiting  gap, 

Ax  is  the  thickness  of  the  thin  layer  of  charge’%leave  the 
y-z  plane.  Its  value  is  -Aq.  Then  the  space  charge  fields 
on  the  two  sides  of  the  thin  layer  are  respectively 


AE. 


1 


Ajh 

toS 


AE 


*1 - 


(3.4) 


where  s  *  1  x  W  is  the  area  of  the  unit  length  of  the  limiting 
gap  electrode  plate,  and  Aq1  and  Aa^  are  the  respective  induced 
charge  of  electroplates  A  and  B,  as  shown  in  Figure  3-4. 


According  to  the  principle  of  charge  conservation  and 
considering  the  potential  between  plates  A  and  B  we  leave 

Aqt  +  Aqt-Aq  =  Q 
d£«.,x-f-<dEn(<f  — x)  =0 
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Solving  those  two  equations  simultaneously,  we  have 


-) 

Aq^Aq-*- 


Then  we  have 


5  (>  • ;-) 


AE.  ,« 


_  x 
e0s  d 


(3-5) 


(3.6) 


Suppose  that  initially  the  density  of  the  primary  elec¬ 
trons  of  the  limiting  gap  is  p,  then  the  sum  of  the  primary 
electrons  (assuming  uniform  distribution)  in  the  volume  along 
the  limiting  gap  unit  length  is  psd.  Since  o>l,  after  n 
multiplications  (multipacting ) ,  the  electronic  multipacting 
process  will  have  achieved  stable  state.  Simultaneously  con¬ 
sidered  is  that  under  the  usual  working  condition  of  the 
limiter,  the  input  power  far  exceeds  the  threshold  power  of 
the  triggered  multipacting  process.  Therefore  the  traverse 
angle  of  motion  in  the  gap  is  much  smaller  (minute  in  compari¬ 
son)  than  the  traverse  angle  t  under  the  threshold  power. 

When  the  traverse  angle  is  very  small  the  motion  of  the  elec¬ 
trons  in  the  gap  may  be  thought  of  as  non-congregating.  There¬ 
fore,  the  space  charges  along  tne  x-axis  in  staoie  state  are 
uniformly  distributed. 


Then  under  equilibrium,  the  number  of  space  charges  in 
the  volume  along  the  unit  length  of  the  limiting  gap  is 


q  =  e pa"  sd 


(3-7) 


where  e  is  the  voltage  of  the  electron. 


However,  the  number  of  space  charges  in  the  volume  of 
the  thin  layer,  of  thickness  dx,  in  the  gap  is 

tfq  -  eno'silx 


Therefore,  under  stable  state,  at  any  selected  point  on 
the x-axis  but  on  a  cross-section  perpendicular  to  x-axis,  the 
(space  charge)  field  produced  by  the  space  charges  in  the 
gap  should  be 


£.(■0  =  J \yE‘i 


(3.3) 


It  can  be  seen  that  as  x-*-0,  the  space  charge  field  of 
the  surface  of  the  electroplate  A  is 


£.(»)=- 


2e. 


tpa’d 


(3.9) 


When  x-*d  the  space  charge  field  of  plate  B  is 


£,= 


(3.10) 


On  the  cross-section  at  the  middle  of  the  gap,  i.e., 
where  x  =  j  ,  the  space  charge  field  is  zero.  The  distribu¬ 
tion  in  the  gap  Is  such  that  it  is  strong  on  the  two  sides 
and  weak  in  the  middle. 
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Clearly  the  space  charge  field  has  a  repelling  effect 
on  the  secondary  electrons  emitted  by  electrode  plates  A 
and  B.  When  the  input  power  is  greater  than  the  threshold 
power,  the  plates  A  and  B  will  alternatively  emit  secondary 
electrons  with  the  high  frequency  field  in  synchronous  fash¬ 
ion.  The  high  frequency  electric  field  has  an  accelerating 
effect  on  the  emission  of  secondary  electrons  of  plates  A 
and  B.  Therefore,  the  relative  strength  of  the  high  frequency 
field  to  the  space  charge  field  will  determine  the  strength  of 
the  secondary  emission  by  the  electrode  plate  that  was  bom¬ 
barded  . 

On  the  electrode  plate  surface,  if 

then  the  number  of  the  emitted  secondary  electrons  will  cer¬ 
tainly  be  greater  than  the  injected  primary  electrons,  result¬ 
ing  in  the  increase  of  the  space  charge  field.  This  will  in 
turn  change  the  state  of  the  high  frequency  (electric)  field 
being  greater  than  the  space  charge  field.  If 


I  M  •+  ft 

Em<E.  (*) 

X  1  J 

then  the  number  of  the  emitted  secondary  electrons  will  cer¬ 
tainly  be  less  than  the  injected  primary  electrons,  resulting 
in  the  decrease  of  the  space  charge  field.  This  then  will 
again  alter  the  state  of  the  high  frequency  field  being  weaker 
than  the  space  charge  field. 


Neither  one  of  the  above  two  states  is  stable.  There¬ 
fore,  the  only  stable  state  exists  when 
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At  this  point,  the  number  of  the  emitted  secondary  electrons 
is  statistically  equal  to  that  of  the  injected  primary  electrons, 
and  the  space  charge  equilibrium  state  is  maintained. 

Then,  in  the  stable  state,  on  the  bombarded  surface  of 
the  electrode  plate,  we  have 

—£-—epo‘d=Em 


ePd  (3.11) 

Therefore,  in  the  electronic  multipacting  process  from 
the  excitation  to  stability,  the  multiplication  factor  n  may 
be  derived  from 


(3.12 

Where  [  ]  denote  the  integer  function,  i.e.  taking 

only  the  integer  part  of  the  number. 

Since  it  requires  one-half  of  a  high  frequency  period  to 
achieve  one  multiplication,  the  time,  t^,  it  takes  for  the 
electronic  multipacting  to  occur  is 


(3.13) 


(mm) ^ , 


Set  d  =  9  mils,  W  =  8  mm,  P.^  =  200  kW,  5  =  10,  p  *  100/ 

=  10  GHz;  substituting  into  equation  (3*13),  we  have 


31 


0.55  nanoseconds 


tA 

It  can  be  seen  that  the  past-motion  process  of  the  elec¬ 
tronic  multipacting  limiter  is  very  short.  Clearly,  from 
the  above  computations,  we  have  actually  hypothesized  the 
emitting  frequency  pulse  is  ideally  a  rectangular  pulse.  The 
actual  emitting  frequency  pulses  always  have  a  forward  course. 
Suppose  that  the  forward  course  rise  time  is  tp;  when  Tf<T, ,  the  setup  time  for 
the  electronic  multipacting  process  is  ta,  is  obtained  above.  When  due  to 

the  fact  that  the  electronic  multipacting  process  is  limited  by  the  forward 
course-  of  the  pulses,  the  setup  tine  is  essentially  equal  to  xp. 

B.  The  computation  of  the  recovery  time 

After  the  electronic  multipacting  process  has  entered  a 
stable  state,  if  the  emitting  power  of  the  input  limiting  gap 
is  suddenly  terminated,  the  electronic  multipacting  process 
is  terminated  as  well.  Even  though  the  multipacting  process 
of  the  electrons  is  terminated,  the  space  charges  already 

exist  within  the  limiting  gap,  i.e.,  it  takes  a  certain  length 
of  time  for  them  (the  space  charges)  to  completely  dissipate 
from  the  external  field.  We  take  the  period  of  time  from  the 
termination  in  the  external  field  to  the  complete  dissipation 
of  the  space  charges  to  be  tg,  the  recovery  time  for  the  elec¬ 
tronic  multipacting  limiter. 

How  is  this  time  computed?  Clearly,  when  the  external 
field  is  terminated,  the  electrons  on  the  different  cross- 
sections  of  the  gap,  due  to  the  spatial  relationship  and 
motion  states,  are  all  different.  Therefore,  the  times  required 
for  the  space  charges  to  dissipate  completely  and  their  motion 
are  all  different.  We  take  only  the  longest  time  to  be 
typical  In  the  computation,  and  take  the  time  from 

its  termination  in  the  external  field  to  that  required 


32 


for  the  motion,  under  the  influence  of  the  space  charge  field, 
to  the  electrode  plates,  and  use  it  as  the  approximate 
recovery  time. 

This  kind  of  typical  electron  may  be  chosen  in  the 
following  manner:  when  the  external  field  is  suddenly  ter¬ 
minated,  it  has  just  left  the  surface  of  the  bombarded  elec¬ 
trode  plate.  Also,  suppose  that  this  kind  of  electron  has, 
while  leaving  the  emitting  surface,  absorbed  the  bombarding 
energy  of  a  primary  electron,  then  its  initial  velocity 
is  not  zero. 

Let  K  be  the  absorption  coefficient  of  the  energy  of  the 
absorbed  primary  electron,  and  let  vq  be  the  initial  velocity 
of  the  electron  when  it  leaves  the  electrode  plate.  Then 

1  'a  —  n  '  2K  VdE* 


where  n  =  ^  is  the  charge  ratio  of  the  electron. 

The  kinetic  equation  of  the  electron,  in  the  limiting 
gap,  under  the  influence  of  the  space  charge  field  is 


in  x  —  eE.(x)  , 


(3.15) 


Substituting  (3-8)  and  (3. 11)  into  equation  (3-15), 
and  simplifying,  we  obtain 


x  - 


2  Emr, 


x  +rjEm  =  0. 


(3.16) 


Its  general  solution  is 
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+  +  <V" 


where 


When  t  =  0  and  x  =  0,  we  have 

0  —  — ^ — .+  ci  + 

When  t  =  0  and  x  =  v,,  we  have 

t/„=*c,r-ctr 

from  which  we  can  ascertain  that 


Substituting  c^  and  into  the  general  solution  of  the 
equation,  we  get 


=  sh  <rt>--|-ch  (*>•  (3.17) 

2  r  * 

Set  x  =  d,  then  t  =  tg,  and  we  have 

d  =  -4—  +  --ia-sh(jTi,)  —  — ^ch(rrfl)  ■" 

*  T  .  x  ■'  •  r  y  ■.  , 

d  =  --‘(5_sh  {.rra)  -rfch(?ra)  e'" 

r  i  A.',  :  -.  Y  .  /*  , 


3^ 


(/[1  +  ch  (rra)]  *■  — _S_sh<»Ta) 

ch‘  (-11 ) "  tt'K  ~t) ch  (t4-) 


Since  )^’  dividing  both  sides  of  the  ab 

equation  by  chl(~^~)  we  have 


ove 


,h  ("-.WiL 

\  2  /  2i'a 


Therefore , 


Cd«/>) 


We  f inally^arrive  a* 


T  a  = 


1  +  4 


r</ 


T-1#- 


xi/, 


1- 


2i/» 


r  Zv.—rd 


T  =  I 

»  fi! 


vo  =  *S2Kr,dEm 


d  ,  2 V/K  -r  1 

Ts“'«  2r,Em~ln2jK  -l. 


(3.13). 


(3.19) 


Clearly,  we  can  see  from  (3.19)  that  only  when  K  >  1/4  dees 
above  equation  have  any  physical  meaning.  It  shows  that  only 
those  secondary  electrons  which  had  absorbed  more  than  25%  of  the 
bombarding  energy  of  the  primary  electrons  can,  after  the 
termination  of  the  external  field,  overcome  the  repelling 
force  of  the  space  charge  field,  to  arrive  in  the  next  (facing) 
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electrode  plate.  Those  electrons  which  have  not  achieved 
this  energy  level  will  fall  back  to  their  original  position. 


In  the  above  computations  we  treated  the  space  charge 
field  as  time  invariant.  Of  course,  this  introduces  bias 
into  the  results  of  our  computations.  Actually,  when  the 
external  field  is  terminated  the  space  charge  field  is  dissi¬ 
pated  along  with  it,  i.e.,  the  space  charge  field  gradually 
diminishes.  However,  the  distribution  of  the  space  charge 
field  along  the  x-axis  is  such  that  it  is  strong  at  the  two 
ends  but  weak  in  the  middle,  but  the  distribution  in  the 
high  frequency  field  is  homogeneous.  Therefore,  the  bias 
value  in  the  space  charge  field  induces  an  effect  on  the  kinetic 
state  of  the  electronic  dissipation  process.  This  is  small 
compared  to  the  initial  kinetic  state  of  the  electrons,  deter¬ 
mined  by  the  high  frequency  field.  So,  in  the  dissipation 
process  of  the  electrons  the  space  charge  field  is  viewed  as 
being  time  invariant.  The  computed  recovery  time  under  such  an 
assumption  will  not  have  large  bias. 

It  can  be  thus  seen  that  the  duration  (length)  of  the 
recovery  time  mainly  depends  on  the  strength  (intensity) 
of  the  high  frequency  field.  The  stronger  the  high  frequency 
field,  the  shorter  the  recovery  time. 

Let  ?i  =  10  watts,  d  =  9  mils,  W  =8  mm,  K  =0.5, 
then  ig  ■»'  0.2  nsec. 

It  can  be  seen  from  the  results  of  the  computation  that 
the  electronic  multipacting  limiter  recovery  time  is  in  the 
range  of  nanoseconds.  Therefore,  it  can  better  satisfy  the 
requirements  of  the  pulse  doppler  radars. 

C.  Computation  of  flat  leakage 
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After  the  electronic  multipacting  process  has  entered 
the  stable  condition,  the  width  of  the  limiting  gap  is  1, 
the  electronic  cloud  has  absorbed  the  vast  majority  of  the 
input  power,  and  the  remaining  (input  power)  is  expressed 
as  flat  leakage,  denoted  by  Pf. 

We  introduce  the  attenuating  constant  B  to  express  the 
absorption  effect  of  the  electronic  cloud.  It  can  be  proved 
that  B  is  merely  a  constant,  and  is  not  related  to  the  coordi¬ 
nate  Z. 

Therefore,  on  one  hand,  we  may  view  from  the  attenua¬ 
tion  of  transmission,  and  the  flat  leakage  power  Pf  may  be 
expressed  as 


(3.20) 


On  the  other  hand,  we  may  derive  the  absorption  power  ?e  of  the 
electronic  cloud,  from  the  physical  process  of  the  produced 
attenuation,  and  Pf  may  be  expressed  also  as 


P 


f 


VPe 


(3.21) 


We  know,  from  the  absorption  effect  of  the  electronic 
cloud,  that  the  high  frequency  field  along  the  longitudinal 
direction  of  the  limiting  gap  is  attenuating,  and  It  can  be 
expressed  by 


£.<Z) 


(3.22) 


Therefore,  the  space  charge  density  along  the  Z-axis  is  non- 
homogeneous.  We  know  from  equations  (3-7)  and  (3.11)  the 
small  volume  WdAZ,  covering  some  point  Z  on  the  length  of  the 
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space  charges  of  quantity 


limiting  gap,  contains 


Aq  =  2etWEmr*IM. 


These  space  charges,  under  the  effect  of  high  frequency  field, 
have  the  respective  absorbing  high  frequency  field  energy 
and  average  power,  from  one  electrode  plate  to  another  in  the 
limiting  gap  } 

AW  ,  =  AqEm{Z)d 
=  2 


2 


=  4  etWdfE'mc-tu&- 


The  power  absorbed  by  the  entire  spectrum  of  the  elec¬ 
tronic  cloud  in  the  limiting  gap  is 


1  _  +-161 

»2<,1  VdfE*,  -  • 


(3-2 


Therefore , 


Pi 


P.-leJVdfEl 


1 

$ 


(3.24) 


Then,  from  equations  (3-20)  and  (3.24)  we  obtain 

a  U.WdfEj 

r  P. 


Therefore , 
the  value  of  8, 


we  may  obtain  the  flat  leakage  power  by  substituting 
as  in  equation  (3.25),  into  equation  (3.20). 


La) 


Furthermore , 
the  maximum  value 


from  the  condition  Pf 
of  the  limiting  gap. 


we  may  determine 

*C, 


I 


out 


(3.26) 


Let  J*,»200  iii}  p  =  5W,  f  =  10  GHz,  d  =  9  mils,  W  =  8 
mm,  substituting  these  into  equations  (3-25)  and  (3.26)  we 
get 


cm. 

Clearly,  the  dimensions  of  the  electronic  multipacting 
limiter  are  net  large. 

If  we  substitute  the  L  „  of  equation  (3-26)  into  equa- 

max 

tion  (3.20),  clearly,  the  flat  leakage  thus  obtained  is  the 
least ,  i  .  e .  .... 


(  Pf  )  *lt  ^  P c 

Therefore,  we  may  use  the  requirements  of  to  generally 
determine  the  length  t  of  the  limiting  gap.  Clearly,  the 
value  of  1  will  not  exceed  1  ,  otherwise  reducing  the  flat 

maX 

leakage  would  not  have  practical  meaning. 

D.  The  computation  of  peak  energy 

Peak  energy  pertains  to  the  total  emitting  frequency 
energy  which  leaks  through  the  limiting  gap,  in  the  entire 
set  up  process,  while  the  Input  power  is  being  transmitted 
through  the  limiter. 

Clearly,  if  the  emitting  pulses  had  not  moved  forward, 
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even  though  the  set  up  time  for  the  electronic  multipacting 
limiter  is  very  short,  the  peak  energy  is  still  very  large. 

In  reality  the  pulses  will  certainly  move  forward.  We  only 
make  computations  and  analysis,  under  the  assumption  that  the 
time  it  takes  the  pulses  to  move  forward  is  larger  than 
in  the  following. 

Under  normal  conditions  the  length  covered  by  the  forward 
motion  of  the  pulses  does  not  increase  as  fast  as  the  electro¬ 
nic  multipacting.  Therefore,  when  we  consider  the  effect  of 
the  lengthening  of  the  pulses,  we  must  take  into  account 
the  fact  that  the  increase  of  space  charges  in  the  gap  of  the 
set  up  process  will  no  longer  obey  the  exponent 
law  but  the  rule  on  the  lengthening  forward  motion  of  the 

emitting  pulses.  Under  such  conditions,  the  quantity  of  the 
space  charges  in  the  gap,  at  any  instanCT  ,  is  determined  by 
the  quantity  of  the  input  power  of  that  instant  .  Therefore, 
during  the  set  up  process  in  every  instant"  of  time  the  elec¬ 
tronic  process  may  be  viewed  as  a  kind  of  quasi-stable 
process.  Then,  we  may  directly  use  in  the  following  analysis 
some  relations  derived  in  the  stable  state,  i.e.,  we  need  only 
consider  the  effect  of  the  factors  which  are  unique  during  the 
quasi-stable  process. 

When  we  consider  the  forward  motion  of  the  pulses  the  in¬ 
put  emitting  -power  may  be  expressed  as 

where  T  is  a  constant  related  to  the  circuit  formed  by  pulses, 
o 

According  to  (3.20)  and  (3.21)  the  instantaneous  power 
absorbed  by  the  electronic  cloud  in  the  gap  is 


p,(/)=p  ^  )*. 
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Therefore,  the  instantaneous  power  which  leaks  through 
the  limiting  gap  during  the  instant  t  is  equal  to 


PAD 


(3-27) 


Integrating  equation  (3.27),  we  can  obtain  the  peak 
spike  energy 


W  ,=P. 


+  «' 


(3-28) 


where  xf  is  the  set  up  time  of  the  pulses  in  the  forward 
movement  set  up  process,  tc  is  the  corresponding  time  it 
takes  for  the  forward  moving  pulses  to  rise  to  the  peak  value 


Let  = 
the  relation 


200  KW,  rf  *  0.03  msec,  and  Tq  is  determined  by 


where 

e 


0.1. 


t  is  determined  by  the  relation 


P . 


n 


where 


0.995. 


Vc  _ 

e  T 

o 

Substituting  these  into  equation  (3.28)  we  finally  arrive 
at  the  peak  spike  energy 

W  *  0.65  erg  . 

s 

If  we  calculate  according  to  the  width  of  3  UB  wave  peak 
the  peak  spike  energy  (value)  will  be  even  smaller. 

We  can  see  from  computations  of  several  characteristic 
parameters  in  the  above  that  the  recovery  time  of  the  elec¬ 
tronic  multipacting  limiter  is  extremely  short  however,  the 
flat  leakage  and  the  peak  spike  energy  are  not  small  enough. 
Therefore,  in  applications  we  still  need  to  append  a  solid 
diode  limiter  behind  the  electronic  multipacting  limiter, 
in  order  to  sufficiently  protect  the  receiver,  as  shown  in 
Figure  3-3. 

CONCLUSIONS 

This  paper  has  given  discussions  of  three  types  of 
limiters:  ferrite-diode  limiter,  plasma  limiter,  and  elec¬ 

tronic  multipacting  limiter.  Each  can  be  viewed  being  appli¬ 
cable  in  the  field  of  high  power,  high  pulse  repetition  fre¬ 
quency  (PRF),  doppler  radars,  and  each  type  possesses  its 
own  characteristics.  From  the  comprehensive  point  of  view 
the  electronic  multipacting  limiter  is  currently  the  best. 

This  paper  has  derived  the  necessary  equations  for  reference 
in  design  and  research.  Since  the  threshold  power  of  the 
electronic  multipacting  process  is  directly  proportional  to 
the  cube  of  the  limiting  gap  (distance),  therefore,  stringent 
tolerance  must  be  maintained  in  the  control  of  the  limiting 
gap;  this  introduces  a  very  difficult  problem  into  the  study 
of  this  kind  of  device.  Furthermore,  more  research  needs  to 
be  conducted  on  the  bandwidth  of  this  kind  of  device. 
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ANALYSES  OF  HIGH-POWER  RADAR  TA-LIMITER 
WITH  VERY  SHORT  RECOVERY  TIME 

i 

Hsu  Jun  min  Tong  Cin  shian 

ABSTRACT 

T  is  paper  descrides  three  types  of  high-power  radar  TR-r  limiter  with  short  reco¬ 
very  time.  These  devices  are  plasma-diode,  ferrite-diode  and  multipactor  limiter.  The 
last  One  is  analysed  in  detail,  wich  will  give  aid  to  design  of  this  device. 


